ABSTRACT: Narrow-band red-emitting phosphors are a critical component of phosphor-converted light-emitting diodes for highly efficient illumination-grade lighting. In this work, we report the discovery of a quantitative descriptor for narrow-band Eu 2+ -activated emission identified through a comparison of the electronic structures of known narrowband and broad-band phosphors. We find that a narrow emission bandwidth is characterized by a large splitting of more than 0.1 eV between the two highest Eu 2+ 4f 7 bands. By incorporating this descriptor in a high-throughput firstprinciples screening of 2259 nitride compounds, we identify five promising new nitride hosts for Eu 2+ -activated red-emitting phosphors that are predicted to exhibit good chemical stability, thermal quenching resistance, and quantum efficiency, as well as narrow-band emission. Our findings provide important insights into the emission characteristics of rare-earth activators in phosphor hosts and a general strategy to the discovery of phosphors with a desired emission peak and bandwidth.
■ INTRODUCTION
Phosphor-converted light-emitting diodes (pc-LEDs) are an energy efficient and environmentally friendly lighting source for solid-state lighting. 1−7 For illumination-grade lighting, a warm white light LED with a high luminous efficacy and color rendering index is desirable. A common strategy to improve the color rendering index is to add a red-emitting component into an LED. In recent years, Eu 2+ -activated nitride phosphors have emerged as highly promising red-emitting phosphors for pcLEDs due to their high chemical and thermal stabilities, small thermal quenching, and high quantum efficiency (QE). 8−10 Unfortunately, the broad bandwidth and/or deep red maximum of the emission spectra of commercial red-emitting phosphors lead to a substantial portion of the emitted energy being outside the range of human vision, severely reducing the luminous efficacy of the LED. For example, although the widely used commercial CaAlSiN 3 :Eu 2+ phosphor has an excellent QE > 95% at 150°C, 1 its emission peak (λ em ∼ 650 nm) 2 is too redshifted and its bandwidth (characterized by the full width at half-maximum, or fwhm, ∼90 nm) is too broad.
Recently, Pust et al. 5 reported the discovery of a highly promising narrow-band red-emitting phosphor, SrLiAl 3 N 4 :Eu 2+ , with an emission peak position at ∼650 nm and a fwhm of ∼50 nm. A 14% improvement in luminous efficacy was achieved with SrLiAl 3 N 4 :Eu 2+ as a red-emitting component in a pc-LED compared with that of a commercial LED device. 5 The luminous efficacy would be further enhanced if the emission maximum of SrLiAl 3 N 4 :Eu 2+ could be blue-shifted, but the activator concentration is found to have little influence on the emission band position. The chemically similar CaLiAl 3 N 4 :Eu 2+ narrow-band red-emitting phosphor also has an emission peak that is too deep red (λ em ∼ 668 nm) for high-powered LEDs. 6 Another narrow-band red-emitting phosphor, SrMg 3 SiN 4 :Eu 2+ , has an ideal peak position at ∼615 nm and a narrow bandwidth of ∼43 nm. 7 However, the thermal quenching of SrMg 3 SiN 4 :Eu 2+ is too severe for practical applications. Despite these discoveries, the overall number of known narrow-band red-emitting phosphors remains very small. The development of highly efficient narrow-band red-emitting phosphors with an optimal spectral peak position (λ em ∼ 615 nm) and a narrow width (fwhm <50 nm) is therefore a critical materials challenge for warm white illumination-grade lighting. 11, 12 In this work, we report the discovery of a quantitative descriptor for narrow-band Eu 2+ -activated emission that emerged from a comparison of the first-principles electronic structures of nine well-known phosphors. We then identified five new narrow-band red-emitting phosphors, CaLiAl 3 N 4 (P1̅ ), SrLiAl 3 N 4 (I4 1 /a), SrLiAl 3 N 4 (P1̅ ), SrMg 3 SiN 4 (P1̅ ), and BaLiAl 3 N 4 (P1̅ ), for high-power pc-LED applications through a high-throughput screening of ternary and quaternary nitride compounds. These five new phosphors are predicted to satisfy a balance of chemical stability, good thermal quenching behavior and quantum efficiency, and narrow-band emission.
■ METHODS
Structure Relaxation and Energy Calculations. Spin-polarized density functional theory calculations were performed using the Vienna ab initio simulation package (VASP) within the frozen-core projector-augmented wave method. 13, 14 The generalized gradient approximation Perdew−Burke−Ernzerhof (PBE) functional 15 was used for all structural relaxations and energy calculations. A plane wave energy cutoff of 520 eV was used, and the electronic energy and atomic forces were converged to within 10 −5 eV and 0.01 eV/Å, respectively. The Brillouin zone was integrated with a k-point density of 1000 per reciprocal atom. All crystal structure manipulations and data analysis were carried out using the Python Materials Genomics package. 16 Energy above Hull, E hull . The phase stability of predicted materials was estimated by calculating the energy above the linear combination of stable phases in the first-principles phase diagram, 17 also known as the energy above hull, E hull . For phase diagram construction, the energies of all compounds other than those of direct interest in this work were obtained from the Materials Project 18 using the Materials Application Programming Interface. 18, 19 Host Band Gap E g and Band Structure of Eu 2+ -Activated Phosphors. The band gaps for all host materials were calculated using the PBE functional as well as the more accurate screened hybrid Heyd−Scuseria−Ernzerhof (HSE) 20, 21 functional. To obtain the band structure and 4f levels of Eu 2+ -activated phosphors, supercell models were constructed with relatively low Eu 2+ doping concentrations (<10%) to mimic experimental doping levels. PBE calculations with a Hubbard U 22 parameter of 2.5 eV 23 for Eu was used for these relatively large systems. A Gaussian smearing of 0.05 eV was used for all band structure and density of states calculations. All electronic structure calculations of the Eu 2+ -activated phosphors were performed without spin−orbital coupling (SOC) as the difficult convergence of SOC calculations makes them unsuitable for a high-throughput screening effort. Nevertheless, we performed SOC analyses on the new narrowband red-emitting phosphors identified and confirmed that the relevant electronic structure feature, i.e., a large splitting in the top two 4f bands, does not change significantly with the inclusion of SOC.
Debye Temperature, Θ D . The Debye temperature, Θ D , was calculated using the quasi-harmonic model. 24 The elastic tensor was calculated with more stringent electronic convergence criterion of 10 −6 eV per formula unit, and the elastic moduli were calculated using the Voigt−Reuss−Hill approximation. 25 
■ RESULTS
Descriptor for Narrow-Band Emission. The emission spectrum of Eu 2+ -activated phosphors is attributed to the 4f 6 5d 1 → 4f 7 electronic transition. We therefore begin with a hypothesis that narrow-and broad-band emissions can be identified by differences in the electronic band structure. In this work, we adopt the definition of having a measured fwhm < 60 nm as a narrow-band emitter. The calculated electronic band structures of two representative red-emitting phosphors, SrLiAl 3 N 4 :Eu 2+ (narrow-band) and CaAlSiN 3 :Eu 2+ (broadband), are shown in Figure 1 , panels a and b, respectively. We find that the Eu 2+ 4f bands are very narrowly distributed in energy and that the energy level of each band may be estimated by averaging across all k-points. Figure 1c shows Figure S1 ). With the exception of green-emitting BaLi 2 Al 2 Si 2 N 6 :Eu 2+ and β-SiAlON:Eu 2+ , all of the remaining phosphors exhibit red emission. Interestingly, we find that all narrow-band phosphors, regardless of their emission color, have a distinct large energy splitting, ΔE S , of >0.1 eV between the two highest Eu 2+ 4f bands. Broad-band emitters, on the other hand, have a more uniform 4f band distribution, with several bands lying within 0.1 eV of the highest 4f band at the Fermi level. It should be noted that we have tested the sensitivity of this analysis with respect to the U value for Eu ( Figure S2 ) and found that the change in the difference in ΔE S between narrow-and broadband emitters is negligible for 1 < U < 5 eV. We also find that the calculated ΔE S shows an inverse relationship with respect to their experimentally measured fwhm, as shown in Figure S3 .
We provide a justification for this distinct narrow-band electronic structure feature by considering the fact that broadband emission is the result of multiple overlapping emission spectra occurring within the red spectra region. Multiple emission spectra can be the result of either multiple distinct activator sites with similar doping energies 1, 28 or multiple transitions even within the same activator site. Figure 2 shows a schematic of the different transitions in broad-and narrowband phosphors. In both cases, the main emission is the result of the transition of an electron from the lowest 5d band into the empty top 4f band, i.e., a 4f overlapping emissions within ∼30 nm of the main peak and broadening of the emission. Therefore, we propose ΔE S > 0.1 eV as a threshold for narrow-band emission. We have tested the sensitivity of the screening results to the value of this threshold, as outlined in subsequent sections.
Parameterization of High-Throughput Screening Criteria. For commercial applications, a red-emitting phosphor host must satisfy a demanding set of properties, namely, good phase stability, emission in the red−orange region of the visible spectrum, excellent thermal quenching resistance, and high photoluminescence quantum efficiency. The phase stability of a material can be estimated by calculating the energy above the linear combination of stable phases in the phase diagram, also known as E hull . Stable materials have an E hull of 0 eV, and the more unstable a material, the higher E hull . The emission wavelength has a direct relationship to the band gap E g of the host material as the conduction band minimum of the host sets the energy level of the excited Eu 2+ -activated phosphor (see Figure S4) . 30 In general, host materials that are rigid and have large photoionization energy, 30 defined as the energy gap between the conduction band minimum of the host and the lowest 5d levels of the activator, exhibit higher quantum efficiencies, especially at elevated temperatures. The rigidity of a crystal can be estimated by its Θ D 24 and the host band gap E g may be used as a proxy to estimate the photoionization energy.
We parametrized the criteria for our high-throughput screening of nitrides through an analysis of the E g and Θ D of 10 well-known red-emitting phosphor hosts, summarized in Table 1 . Unsurprisingly, the E g calculated using the PBE 15 functional underestimates the experimental E g by around 28− 38% due to the well-known self-interaction error and lack of derivative discontinuity in semilocal exchange-correlation functionals. 31 The screened hybrid HSE 20, 21 functional yields E g that are in much better agreement (within 0.3 eV) with the experimental values.
The key observation from Table 1 is that despite the systematic underestimation of E g by PBE the relative trends in E g are generally well-reproduced, consistent with previous firstprinciples studies. 32 Hence, an efficient screening of E g may be carried out using the computationally inexpensive PBE functional for a large number of compounds, followed by a more accurate secondary screening with the expensive HSE functional for a more limited subset of compounds. From Table  1 , we find that the PBE and HSE E g for red-emitting phosphors lie in the range of 2.42−3.58 and 3.68−4.76 eV, respectively. We also observe that the known phosphor nitrides have relatively high Θ D of more than 500 K, with the exception of SrSiN 2 and BaSiN 2 . Indeed, SrSiN 2 and BaSiN 2 have nonrigid layered crystal structures, 33 and the Eu 2+ -activated hosts show relatively poor quantum efficiencies of 25 and 40%, respectively. 34 For E hull , previous successful high-throughput screening efforts 35 have shown that an upper threshold of 50 meV/atom yields materials that are reasonably synthesizable, and the experimentally known phosphor hosts in Table 1 have E hull between 0 and 31 meV/atom. We will therefore adopt E hull < 50 meV/atom as the stability threshold in this work.
Screening for New Narrow-Band Red-Emitting Phosphors. Figure 3 provides an overview of the high-throughput screening approach, which is tiered based on the relative computational expense to calculate the screening properties. An initial list of candidate structures was first generated from all existing ternary and quaternary nitrides in the Materials Project database, 18 which contains the precomputed data for all ordered known inorganic crystals from the Inorganic Crystal Structure Database (ICSD). To augment this data set, a prediction of novel nitridosilicate and nitriodoaluminate structures with formula A x B y C z N n (A = Ca/Sr/Ba, B = Li/ Mg, C = Al/Si) was carried out by applying the data-mined ionic substitution algorithm proposed by Hautier et al. 36 on all crystal structures in the ICSD. 37 This focused structure prediction effort is motivated by the fact that nitridosilicate and nitriodoaluminate hosts have thus far demonstrated the greatest promise as narrow-band red emitters. In the first screening stage, all materials with E hull > 50 meV, indicating that they are unlikely to be stable, were screened out. This was followed by further screening for candidates with 2.42 eV < PBE E g < 3.58 eV. Finally, the 4f band levels of the Eu 2+ -activated host were calculated to find narrow-band emitters with ΔE S > 0.1 eV. The HSE E g and Θ D were then computed for all materials that remain.
In total, 2259 (203 ternary, 156 quaternary, and 1900 predicted nitridosilicate and nitriodoaluminate quarternary structures) materials were evaluated for their phase stability (E hull ), emission wavelength, thermal quenching resistance (E g and Θ D ), and emission bandwidth (ΔE S ). A total of eight narrow-band red-emitting phosphor hosts were identified from our high-throughput screening. Their calculated properties are summarized in Table 2 , and their band structures ( Figure S5 ) and crystal structures are provided in the Supporting Information. The calculated properties of 40 other hosts that satisfy all screening criteria with the exception of ΔE S > 0.1 eV, i.e., they are predicted to be broad-band red-emitting phosphors, are given in Table S1 . Where there are multiple distinct sites for Eu 2+ doping, the relative energies and phosphor properties based on Eu 2+ activation on each distinct site are reported. Three of the identified materials, CaLiAl 3 N 4 40 respectively. SrMg 3 SiN 4 (P1̅ ), SrLiAl 3 N 4 (I4 1 /a), and CaLiAl 3 N 4 (P1̅ ) are particularly promising because they are predicted to have good phase stability (low E hull ), a highly rigid crystal structure (Θ D > 600 K), a HSE band gap within the screening range, and a large splitting in the top two Eu 2+ 4f bands (ΔE S > 0.1 eV). BaLiAl 3 N 4 (P1̅ ) and SrLiAl 3 N 4 (P1̅ ) have somewhat higher E hull , indicating that they may be more challenging to synthesize. Although CaLiAl 3 N 4 and SrMg 3 SiN 4 (all P1̅ ) have multiple distinct Eu 2+ activator sites, there is a clear energetic preference (>15 meV) for one of the sites, and all sites satisfy the criteria for narrow-band emission (ΔE S > 0.1 eV). We have tested the sensitivity of the screening to changes in the ΔE S threshold by plotting the ΔE S of all known and predicted hosts studied in this work in Figure 4 . We find that there is a distinct separation in the ΔE S between broad-band (ΔE S < 0.085 eV) and narrow-band emitters (ΔE S > 0.1 eV). Therefore, small variations in the threshold do not affect the screening results significantly.
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■ DISCUSSION
Narrow-band red-emitting phosphors are a critical component for efficient, warm-light solid-state lighting. By combining a newly discovered electronic structure descriptor with an intelligently tiered high-throughput computational screening of known and predicted nitrides, we have identified five new narrow-band red-emitters that are predicted to exhibit good stability, red emission, narrow emission bandwidth, and good thermal quenching properties.
All new narrow-band red-emitting phosphor hosts identified in the high-throughput screening are predicted compounds from the data-mined ionic substitution algorithm. No existing nitrides in the Materials Project database were identified as promising hosts for narrow-band red emission. To gain further insight into the structural and chemical features that result in narrow-band emission, we have conducted in-depth analyses into the local environment and electronic structure of both the known and newly predicted narrow-band red-emitters.
We find that narrow-band emission is indicated only when the Eu 2+ activator is in one of two highly unusual local environments: (i) an eight-coordinate cuboid-like environment, which is observed in most of the known and predicted narrowband emitters, including the recently reported SrLiAl 3 N 4 :Eu 2+ , 5 and (ii) a nine-coordinate environment, which has thus far been observed only in the narrow-band green emitter β-SiAlO-N:Eu
2+
. On the other hand, no broad-band emitters (both known and predicted) exhibit these local environments. These observations suggest that these highly unusual Eu 2+ environments are responsible for a crystal field splitting that results in a large gap between the two highest Eu 2+ 4f bands. We have extracted the partial charge densities from the computed wave functions to determine the orientation of the charge a E hull , band gap E g , Θ D , relative site energy E site , and narrow-band descriptor ΔE S were calculated using the PBE functional with a Hubbard U of 2.5 eV for Eu. In addition, more accurate E g values were calculated using the HSE functional. Materials are sorted by stability (E hull ). b Although these two materials have the same formula and space group, they are distinct crystal structures. See the Supporting Information. Figures S6 and S7) . From a crystal field perspective, a 4f band in either of these special alignments is penalized due to its proximity to the N 3− ligands, resulting in a significantly higher energy compared to that of the other 4f bands.
The implications of our findings go beyond the identification of the five new narrow-band red-emitting phosphors. Previous works have generally attributed narrow-band emission to restricted structural relaxation of the activator in its excited state due to the high symmetry of the cuboid environment. 5 Although we do not rule such constrained relaxation out as a contributing factor, our work suggests that the primary determinant of narrow-band emission is the effect of a highly symmetric crystal field on a highly localized, atomic-like Eu 2+ 4f orbital, resulting in a large splitting in the top two bands, an effect that can be observed in the ground-state band structure.
Thus far, only the highly unusual cuboid-like environment and nine-coordinated β-SiAlON environments are observed to have this effect. An open question is whether other coordination environments can be designed to induce a similar electronic structure feature for narrow-band emission in Eu 2+ or other activators and will be the subject of further investigations.
Although the focus of our screening efforts in this work is on narrow-band red emitters, the high-throughput first-principles screening approach outlined can be readily extended to other emission wavelengths with a desired emission bandwidth. For instance, narrow-band green emitters are also required for ultraefficient solid-state lighting and LED-backlit LCD displays, 12 ,41 and we have demonstrated that the narrow-band descriptor is applicable to green emitters as well (Figure 1c) . Conversely, broad-band emission is desired in certain applications to improve CRI, and by suitable inversion of the descriptor and tuning of the screening criteria, broad-band emitting phosphors at a desired wavelength may be identified.
Finally, we should note that there are certain limitations inherent in a high-throughput first-principles screening effort. For example, the Eu 2+ activator concentration is known to affect the emission peak position, 28, 34 ) is considered in the construction of the doped phosphor, and no attempt was made to find potential aliovalent substitutions that may generate other phosphor candidates. Ultimately, the proposed new hosts would need to be synthesized, verified, and further optimized experimentally. The fact that several of the proposed hosts are chemically similar to known phosphors gives us reasonable confidence that they are synthesizable.
■ CONCLUSIONS
In summary, we have demonstrated that an electronic structure characteristic in narrow-band Eu 2+ -activated phosphors is a large splitting of >0.1 eV between the two highest Eu 2+ 4f bands. By screening 2259 ternary, quaternary, and predicted nitride compounds on this descriptor and other calculated properties, we have identified five highly promising candidate hosts for Eu 2+ -activated red-emitting phosphors that are predicted to exhibit chemical stability, good thermal quenching resistance and quantum efficiency, and narrow emission bandwidth. We have also shown evidence that narrow-band emission is the result of the crystal-field splitting of the Eu 2+ 4f orbitals in a cuboid or highly symmetrical EuN 9 environment, which provides new insights into the emission characteristics of rare-earth dopants in phosphor hosts. The screening strategy in this work provides a general pathway to the discovery of new phosphors with a desired emission color and bandwidth for solid-state lighting. 
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